We present the design of a highly compact High Field Scanning Probe Microscope (HF-SPM) for operation at cryogenic temperatures in an extremely high magnetic field, provided by a water-cooled Bitter magnet able to reach 38 T. The HF-SPM is 14 mm in diameter: an Attocube nano-positioner controls the coarse approach of a piezo resistive AFM cantilever to a scanned sample. The Bitter magnet constitutes an extreme environment for SPM due to the high level of vibrational noise; the Bitter magnet noise at frequencies up to 300 kHz is characterized and noise mitigation methods are described. The performance of the HF-SPM is demonstrated by topographic imaging and noise measurements at up to 30 T. Additionally, the use of the SPM as a three-dimensional dilatometer for magnetostriction measurements is demonstrated via measurements on a magnetically frustrated spinel sample.
I. INTRODUCTION
Scanning Probe Microscopy (SPM) provides a versatile tool for high-resolution imaging. It allows spatial features of materials which differ from the bulk by their magnetic, electronic or other properties to be probed down to nanometer length scales. Probes have been developed for Atomic Force Microscopy (AFM) and related SPM techniques at cryogenic temperatures and in magnetic fields [1] [2] [3] [4] , which have enabled novel properties of magnetic and multiferroic domain walls to be explored 5, 6 . Magnetic Force Microscopy (MFM) has been used to image spatially inhomogeneous magnetic textures such as skyrmions 7 and bubble domains 8, 9 , and can also be used to image phase coexistence at metamagnetic phase transitions 10, 11 . However, since almost all SPM setups to date have utilized laboratory superconducting magnets, the maximum field has been limited to 20 T 3 . This leaves many field-induced phase transitions, such as in frustrated spinels 12 and multiferroics 13 , out of reach. Static fields above 30 T can be attained in high-field facilities by water-cooled, resistive Bitter magnets, or hybrid resistive-superconducting magnets. Previously, we demonstrated a Scanning Tunneling Microscope (STM) capable of operating in a water-cooled Bitter Magnet at up to 34 T 14 . Here we present the extension of this concept to a versatile High Field Scanning Probe Microscope (HF-SPM) which can operate at up to 38 T. The SPM can be used in a variety of dynamic modes at frequencies up to 300 kHz, enabling a wider range of experiments compared to STM, however it also brings additional challenges for high-field operation since high-frequency noise from the Bitter magnet must be considered and its effect minimized. In this paper we demonstrate static and dynamic Atomic Force Microscopy imaging and Magnetic Force Microscopy at fields up to 30 T. a) Electronic mail: ben.bryant@ru.nl
II. INSTRUMENT DESIGN
A suite of Bitter magnets are available at the High Field Magnet Laboratory (HFML) in Nijmegen, including two 38 T magnets each with a 32 mm room temperature bore 15 , and a 30 T magnet with a 50 mm bore 16 . The HF-SPM is specially designed to work in the extreme conditions of the Bitter magnet: as well as in high magnetic field and at cryogenic temperatures, the SPM has to operate within the high-noise environment produced by the turbulent magnet cooling water. For the 38 T magnets, inside the cryostat helium space the bore is 24 mm, and the inner diameter of the sample vacuum tube is 20 mm. The SPM has to be compact enough to fit within this space, and it should be as rigid as possible to make it insensitive to vibration. Figure 1 shows the layout of the HF-SPM head. The design is inspired by the previous high field STM 14 , with a compact, concentric cylindrical arrangement, which gives a high degree of rigidity. The whole SPM head measures 76 mm in length and its diameter is 14 mm, providing some clearance inside the 20 mm vacuum tube to prevent the transmission of vibrational noise. The housing of the HF-SPM is made of nonmagnetic grade 2 Titanium. The head is split into a lower housing, which contains the cantilever and coarse approach mechanism, and an upper housing, which contains the piezo scan tube, onto which the sample holder is mounted. The lower housing screws onto the upper and is secured with a locking nut, it is removable for easier sample and cantilever exchange. The HF-SPM is mounted via an insulating adaptor to a carbon fibre tube, which is light and relatively stiff, and provides some degree of vibration damping.
A. Cantilever
Because of the restricted dimensions of the HF-SPM, it is not practical to use an optical beam deflection system to measure the cantilever deflection. A quartz tuningfork or needle-type sensor is also not feasible since these ideally require a low-temperature amplifier 17 , which is ruled out by the high magnetic field and space constraints. Therefore, we opted for self-sensing silicon cantilevers, in which a piezoresistor is integrated into the base of the cantilever; the resistance change is used to measure the deflection 18 . We use cantilevers produced by Hitachi, namely PRC120 and PRC400 with resonance frequencies of ≈ 300 kHz and 43 kHz, and spring constants of 30-40 N/m and 2-4 N/m, respectively 19 . We have also employed piezoresitive cantilevers from SCLSensor Tech 20 . The cantilevers have additional reference piezoresistors, of the same material as the cantilever piezoresistor, integrated into the chip. The deflection is measured using a Wheatstone bridge setup: since the cantilever and the reference have approximately the same temperature coefficient of resistivity and magnetoresistance, the measurement is relatively insensitive to changes in temperature and magnetic field. For MFM measurements we coat the cantilevers by electron-beam evaporation with 2 nm of Ti as adhesion layer, 20 to 40 nm of Co, and 2 nm of Au to prevent the oxidation of the Co. The Hitachi cantilevers are mounted in a holder, 3D printed in alumina. The cantilever PCB is held by a Cu-Be spring and slides in or out of the holder, making for easy cantilever exchange. To drive the oscillation the holder is mounted on a dither piezo (PL055.30, PICeramic).
B. Coarse approach & sample scanner
The cantilever holder and dither piezo are mounted on an 11 mm diameter ANPz30 Attocube nano-positioner, which allows the coarse approach of the cantilever to the sample. It is reliable both at room and cryogenic temperatures. The Attocube positioner provides for a modular design that makes it easy not only to change the components in case of need, but also provides flexibility to employ different cantilever holders.
The upper housing contains the piezo scan tube; the SPM uses a scanned sample design. A 40mm long tube (EBL # 3, EBL products) is employed, which allows at least a 5 x 5 µm scan area at 4 K at ± 140 V. The scan tube is isolated at each end by Macor spacers. A grounded shield at the bottom (sample) end of the scan tube shields the sample from the scan tube voltages. The sample holder is screwed into the end of the tube and is isolated from the shield. A separate electrical connection is provided to the sample holder, to enable conductive AFM or STM modes. To reduce vibrational noise sensitivity the assembly at the sample end of the scan tube is designed to be as light as possible, therefore the shield and sample holder are constructed of titanium; the sample holder weighs less than 0.2 g.
On the upper housing are pin connectors (plugs and sockets) for the wires to the lower housing; the connections to the piezoresitive cantilever, the dither piezo and the Attocube positioner. The upper pin connectors are machined from Macor, the lower connectors are 3D printed in plastic. For sample exchange, the pin connectors are unplugged and the lower housing is removed: the sample can then be unscrewed from the scan tube. The upper housing remains connected to the carbon fibre mounting tube.
C. Wiring & Electronics
Above the pin connectors on the SPM upper housing, the cantilever and dither signals use shielded twisted pair cables (GVLZ141, GVL Cryoenginneering): by using a balanced signal, this allows to reduce electronic noise and crosstalk. The sample and tip connections use miniature coaxial cables (Type C, Lakeshore Cryotronics). The piezoresistive cantilever and its reference are connected via the shielded cables to a home-made purpose-built preamplifier based around an INA 217 Instrumentation amplifier (Texas Instruments). The amplifier gives 1000 x gain to the Wheatstone bridge bias at 100 kHz bandwidth, or 100 x gain at 1 MHz. The bias across the bridge is set at 0.8 V to reduce ohmic heating by the piezoresistors to less than 0.1 K, measured on the SPM body. The SPM is controlled by a NANONIS system (SPECS GmbH), which allows many SPM modes to be employed, including both amplitude and frequency modulation, and dual-pass modes for MFM. Figure 2a shows the setup of the HF-SPM and helium bath cryostat in one of the 38 T Bitter magnets at HFML. Inside the cryostat, the vacuum tube carrying the SPM is vibrationally decoupled from the helium bath by a ring of Cu-Be springs. Inside the vacuum tube a centering ring with Cu-Be springs is mounted around 0.8 m above the SPM head (figure 2b), giving this length of carbon fibre tube as a damped pendulum to aid in vibration isolation. The external vibration isolation system consists of a support structure and active damping units: it is not shown in figure 2 since it is described in more detail in the context of the high field STM at HFML 14 . The support structure for the cryostat is fixed to the floor separately from the Bitter magnet: for the 38 T magnets this structure has been optimized to make it as rigid as possible. The cryostat is mounted on the support structure via two active damping bars, the support can be adjusted so that the tail of the cryostat does not touch the magnet.
D. Vacuum system, Cryostat and Vibration isolation
Vacuum feedthroughs for the piezo voltages and cantilever connections are fitted at the top of the vacuum tube: the pre-amplifier is directly mounted onto the vacuum feedthrough. For cryogenic operation the vacuum tube is evacuated to a pressure of better than 10 −5 mbar, before inserting it into the cryostat. The SPM is normally operated at 4.3 K, in He exchange gas at a pressure of around 10 −2 mbar: by pumping on the cryostat helium bath, it is possible to reach 1.35 K at a similar exchange gas pressure.
III. CHARACTERIZATION AND MITIGATION OF BITTER MAGNET NOISE
In order to effect a reasonable signal-to-noise level for SPM in a Bitter magnet, it was necessary to characterize the noise produced by the magnet at a wide range of frequencies. To this end, we measured both the vibrational spectrum on the Bitter magnet housing with accelerometers, and the AC component of the magnetic field with a pickup coil. Two Endevco Isotron accelerometers of 1 kHz and 30 kHz bandwidth were placed on top of the magnet housing. A calibrated pickup coil with 289 turns was placed in the field center: the coil voltage was amplified by a 100 x gain amplifier with 400 kHz bandwidth. Figure 3 shows the results for the 30 T, 50 mm bore magnet at HFML 16 . The vibration FFT spectrum is shown in 3a: the magnet is energized to 24 T with a cooling water flow of 140 L/s. A wide band of vibrational peaks is seen in the range 2 to 6 kHz, which contain a large proportion of the integrated intensity: almost all the vibrational energy is produced at frequencies above 2 kHz. This noise derives from the turbulent flow of the cooling water through the magnet: these measurements are in line with previous measurements on Bitter magnets with the largest vibrational peak at 3.4 kHz 21 . Figure  3b shows an FFT spectrum of the magnetic field noise recorded using the pickup coil, simultaneously with the vibration measurements. Several sharp peaks are seen below 1 kHz: these are the odd harmonics of 50 Hz and can be attributed to the field ripple from the DC power supply 21 . The field ripple up to 1 kHz amounts to 0.5 ppm at 24 T. At higher frequencies we see a similar band of vibrational peaks in the 2 to 6 kHz range as seen in the accelerometer data, and a further band 10 to 22 kHz. These noise peaks can also be attributed to the cooling water flow: this causes the magnet and coil to vibrate relative to each other. Since the field is relatively inhomogeneous this produces an effective AC component of the magnetic field. The higher frequencies are more pronounced in the pickup coil spectrum than in the vibration data: this may indicates that the magnet does not vibrate as a single solid mass, but that the motion of the more massive outer coils, which will vibrate at lower frequencies, dominate the vibrational spectrum measured on the magnet housing. We now discuss some methods for mitigating the effect of the Bitter magnet noise: we will focus on the effects on SPM measurements, but the analysis is relevant to any measurement technique which is sensitive to the AC component of the field or to vibration. In a lowtemperature experiment in a Bitter magnet a metallic cryostat will act as an eddy current shield to the AC component of the field: the effect of this inductive shielding has been discussed in detail 22 . To provide a similar degree of screening in room-temperature measurements an aluminum shielding tube (50 mm OD, 34 mm ID) was inserted in the magnet bore. Figure 3c shows the magnetic field noise recorded using the pickup coil at zero field and 24 T, with 140 L/s water flow, with the aluminum shielding tube in place. The shielding tube is highly effective at reducing the noise pickup, particularly at frequencies > 50 kHz, however considerable field-induced noise remains. At 43 kHz there is a 200-fold increase in noise pickup from zero to 24 T: this sharply reduces at frequencies above 200 kHz to a less than threefold increase at 300 kHz. Figure 3d -f shows the effect of the magnetic field noise on the HF-SPM cantilever deflection signal. The SPM is mounted in the 30 T magnet, at room temperature and in vacuum (≈ 10 −2 mbar), with the aluminum shielding tube in place and 140 L/s of cooling water. The AFM cantilever deflection signal is shown in figure 3e as a function of field, for cantilevers with 43 and 300 kHz resonant frequencies: PLL feedback is used to drive the cantilever at its resonant frequency. The noise on this signal is shown in figure 3e. In the case of the 43 kHz cantilever a large increase in noise is seen, from around 40 µV rms at low field to around 1 mV rms at 24 T. For the 300 kHz cantilever however no increase in noise is seen, mirroring the effect seen in the pickup coil in figure 3c . FFT spectra of the 43 kHz cantilever deflection (3f) show that the additional noise with field in the cantilever deflection is sharply peaked at the resonant frequency, suggesting that the cantilever is primarily sensitive to vibration rather than directly to electrical pickup. This implies that the SPM is being induced to vibrate by the effective AC component of the magnetic field, effectively making a short-cut around the vibration isolation: since the SPM is nonmagnetic the likely coupling mechanism is via eddy currents induced in the titanium body of the SPM itself. At room temperature the skin depth for Ti at 43 kHz is 1.5 mm, which is comparable to the wall thickness of the SPM body, suggesting that this coupling mechanism can be effective. The best way to avoid this noise coupling would be to construct the SPM head entirely from an insulating material: for the present design though, operating at a cantilever resonant frequency higher than 200 kHz allows us to reduce the field-induced noise to an acceptable level, enabling SPM operation in the Bitter magnet.
IV. IMAGING TESTS WITH THE HF-SPM
In order to verify the capabilities of the HF-SPM we performed some imaging tests under different conditions. The SPM is operated in tapping (constant amplitude) mode. Initially we tested the instrument inside a superconducting magnet. Figure 4(a) shows an image of an array of 30 nm diameter spinel CoFe 2 O 4 nanodots, obtained with a PRC400 cantilever at a magnetic field of 5 T, at 4.3 K. This image was obtained without any external vibration isolation: the superconducting magnet is situated on the first floor of the laboratory, with a high level of background vibrational noise. The high quality of the image demonstrates that the AFM is relatively insensitive to external vibration. We also performed MFM imaging at low temperature using the PRC120 tips to ensure that these relatively stiff cantilevers provide sufficient force sensitivity. Figure 4(b) shows a phase MFM image recorded on an hard disk test sample at 4.3 K and zero field, at a lift height of 30 nm. We used a Co coated PRC120 cantilever with 300 kHz resonance frequency and a Q factor of 5000. The phase signal to noise is around 60: it is also possible to perform MFM imaging using a phase locked loop (PLL) to measure a frequency-shift image, with comparable signal-to-noise.
Finally, we tested the performance of the SPM in high magnetic field. Figure 4(c) is a tapping mode image of a SiO 2 calibration grid collected at 30 T, at room tem- perature, in the 38 T Bitter magnet, with 140 L/s of water flow. The image was recorded at 10 −2 mbar using a 300 kHz cantilever. Detailed images of the SiO 2 test grid allow us to demonstrate a lateral resolution better than 20 nm and a z resolution of 0.13 nm. The z resolution at high field is thus comparable to a commercial AFM. As with the high-field STM 14 , the x-y resolution is likely limited by the vibrational modes of the 40 mm long scan tube, but it is sufficient for scan modes such as MFM. Figure 4 
V. DILATOMETRY WITH THE HF-SPM
The HF-SPM can also be used as a dilatometer to measure magnetostriction. In this case the AFM is operated in constant-force contact mode by monitoring the static deflection of the cantilever. A magnetostriction measurement is performed by first putting the tip in contact with the sample and keeping the feedback loop on while the field is ramped. The magnetostriction of the sample can be measured directly as the change in z. Figure 5 shows such a magnetostriction measurement of the magnetically frustrated spinel CdCr 2 O 4 . This compound is known to have a magnetostructural transition at low temperature at 27 T, from a low-field antiferromagnetic, tetragonal (c > a = b) state to a high-field ferrimagnetic, cubic phase 12, 23 . The HF-AFM was operated in the 38 T Bitter magnet with 130 L/s of water flow, at 5.4 K. Single crystal samples oriented in the [111] direction are used: the field is ramped from 25 to 29 T. The sample is observed to expand along the [111] direction by 175 nm at 27 T. The transition is broad and hysteretic: it shows peaks and dips, possibly related to the domain structure of the sample in the tetragonal phase.
Using piezoresistive cantilevers to measure magnetostriction has the advantage that the pressure applied to the sample is negligible compared to, e.g. a capacitative bulk dilatometer 24 . Piezoresistive cantilevers have been used to perform magnetostriction measurements previously but without any piezo positioning of the sample 25 . Using the HF-SPM for this type of measurements allows to us to take advantage of the calibrated scan piezo to collect more accurate data.
Performing dilatometry with an SPM also makes it possible to make three-dimensional magnetostriction measurements. This is demonstrated in Figure 5 , where contact-mode images of the CdCr 2 O 4 sample, at the same scan coordinates, are shown at 25 and 29 T. There is a lateral offset, which at ≈ 170 nm is similar in magnitude to the change in z. This is expected, since we are imaging the (111) face of the CdCr 2 O 4 crystal, and at the transition to the high-field cubic phase the c-axis contracts and the a and b-axes expand 23 . Using this technique magnetostriction in three axes can be measured with a single field sweep. Spatially-resolved measurements of magnetostriction could potentially be made using the SPM, providing a method for local measurements of magnetostriction in nanocomposites, e.g. FePt nanoparticles 26 and nanopillars for multiferroic composites 27 .
VI. CONCLUSIONS
In this paper we have determined that an effective strategy for mitigating field noise in measurements in Bitter magnets is to make lock-in measurements at high frequencies, above 200 kHz. Combined with effective vibrational isolation, this can make highly-sensitive measure- ments possible at up to 38 T. Clearly however, the ideal configuration for SPM, or any other vibrationally sensitive type of measurements, in a Bitter magnet would be for the instrument itself to be made of nonmagnetic and non-conductive material such as Macor or sapphire 28, 29 , so as to avoid eddy current pickup in the measurement probe entirely.
The HF-SPM has been designed to be highly compact and insensitive to vibration: these attributes make it a potentially useful design for applications other than in a Bitter magnet. The vibrational insensitivity of the SPM head means that complex external vibration damping is not required. The compact size allows for either higher magnetic field superconducting magnets to be employed, or for overall system size to be reduced. The small mass of the SPM minimises the cryogenic cooling power required. The minimal bore diameter required for the HF-SPM could also enable operation in permanent magnet arrays reaching 2 T 30 .
